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Chapter 1

INTRODUCTION

The Geoscience Laser Altimeter System (GLAS) instrument is planned to be launched on
the Ice, Cloud and land Elevation Satellite (ICESAT) in December 2002 as a part of the
Earth Observing System (EOS) of NASA. The primary purpose of the GLAS mission is to
make ice sheet elevation measurements in the polar regions which will be used to determine
the mass balance of the ice sheets and their contributions to global sea level change [31].
In addition, the measurements will meet science objectives to support atmospheric science,
and land topography application. The laser altimeter will measure the height from the
spacecraft to Greenland and Antarctic ice sheets to support investigations of the secular
change in surface elevation, as well as annual, interannual, and other temporal variations.
To support the science requirements to determine temporal elevation change, the mea-
surements by the GLAS instrumentation must be very accurate. The ICESAT orbit will
be near-circular (eccentricity = 0.0013), with a semimajor axis of 6970 km, and it will be
near polar, with an inclination of 94°, in order to fly over Greenland and Antarctica. The
orbit is frozen so that the mean perigee is fixed near the north pole. The GLAS/ICESAT
has a 3 year lifetime requirement with a 5 year goal. The EOS program plans for follow-on
satellites to extend the science data set to 15 years and longer.

1.1 GLAS Measurement Requirement

The GLAS Science Requirements [47] provide the error budget for the instrument and
ancillary information necessary to meet the science requirements. The most stringent
requirements are needed for the cryosphere objectives. For example, the accuracy of
elevation change in the vicinity of the West Antarctic Ross ice streams is 1.5 cm/yr in a
100 x 100 km? area where surface slopes are < 0.6°. In summary, the error budget allows
10 cm instrument precision, 5 cm radial orbit position, 7.5 cm laser pointing knowledge and
2 cm or less for other error contributors. The GLAS orbit position will be obtained with
the Global Positioning System (GPS) and ground-based Satellite Laser Ranging (SLR).
In addition to the geocentric position vector, the accurate determination of the altimeter
beam pointing angle in an Earth-fixed Terrestrial Reference Frame (TRF) is also required
for high-precision satellite laser altimetry. The laser altimeter will provide the range



GLAS @ 600 km
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Figure 1.1: Surface slope induced range errors by one arcsecond pointing error

between the spacecraft and the illuminated spot on the Earth surface by measuring the
round-trip travel time of the laser pulse. A one arcsecond error in the laser pointing
direction produces a 5 cm range measurement error from a 600 km spacecraft altitude on
a 1° slope of the Earth’s surface at the illuminated point(Figure 1.1). Therefore, to be
able to interpret the laser altimeter height measurements with the required accuracy, it is
required to determine the laser beam pointing direction to better than 1.5 arcsecond (10),
which corresponds to a 7.5 cm range error, in post-processing.

The laser pointing direction is measured with respect to the spacecraft body-fixed frame.
The GLAS precision attitude determination will first provide the orientation of spacecraft
body-fixed axes, or attitude, with respect to a Celestial Reference Frame (CRF) by star
cameras and gyros, to a high degree of accuracy. A specially designed Stellar Reference
System (SRS) [47] will measure the pointing angle of the GLAS laser beam to better than
1.5 arcsecond (1o) with respect to the star field for every laser shot fired with a frequency of
40 Hz. Calibrated knowledge of the laser pointing direction with respect to the spacecraft
body-fixed axes, combined with the GLAS geocentric position vector, and the measured
round trip travel time for the laser pulse enable determination of both the spot location
on the Earth’s surface and, hence, the surface elevation with respect to the adopted TRF.
Figure 1.2 illustrates how the GLAS instrument can measure the illuminated surface and
the surface’s elevation.
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Figure 1.2: Illustration of the GLAS laser altimeter measurement

In this document, which is known as the Precision Attitude Determination (PAD) Al-
gorithm Theoretical Basis Document (ATBD), we are focusing on the determination of
the pointing direction from the spacecraft to the laser illuminated surface spot in terms
of direction cosines (or unit vector). The laser travel time will give the scalar distance
between the GLAS measurement reference point and the surface spot. Combining this
scalar distance with the direction cosines gives the laser altitude vector. Since the GLAS
measurement reference point is not coincident with the spacecraft center of mass from
which the geocentric position vector is measured, the displacement must be taken into
account when the GLAS position vector is combined with the laser altitude vector to get
the laser spot position vector. The detailed procedure for geolocating the spot illuminated
by the GLAS laser is described in the Laser Footprint Location (Geolocation) and Surface
Profiles ATBD [32].

1.2 GLAS Attitude/Pointing Requirement

Attitude generally refers to the angular orientation of a defined body-fixed coordinate
system with respect to a separately defined external reference frame, such as a CRF. The
term, spacecraft attitude, is generally related to the spacecraft body-fixed coordinate frame
whose origin is the spacecraft center of mass. However, all the instruments related to the



PAD will be attatched to the GLAS optical bench. Consequently, the more convenient
choice for the origin of the body-fixed coordinate frame is an instrument reference point
positioned at the optical bench and the corresponing coordinate frame will define the
optical bench attitude as a replacement of the common spacecraft attitude. Thoughout
this document, we are basically concerned with the optical bench attitude for the GLAS,
rather than the spacecraft attitude. Spacecraft attitude is sometimes mentioned, but it
is an alternative terminology for the optical bench attitude when we discuss the GLAS
PAD. Attitude determination refers to the process of determining the angular orientation
of the spacecraft-fixed axes or optical bench axes from measurements obtained by various
attitude sensors. This determination of attitude uses data from appropriate sensors and a
sophisticated processing of the sensor data.

Laser pointing, in contrast, refers to the direction of the transmitted laser pulse with respect
to spacecraft-fixed axes or in an Earth-fixed coordinate system. Pointing determination
of the GLAS refers to the process of determining the laser pointing at a 40 Hz rate in a
selected coordinate system. Once the laser pointing is determined in the spacecraft-fixed
axes, it will be transformed to the vector in the adopted CRF using the determined optical
bench attitude or an Earth-fixed TRF using the proper transformation between CRF and
TRF. (Most coordinate systems involved in the GLAS PAD, including CRF and TRF,
will be described in Section 2.1.) The pointing variation of the laser beam, stemming from
both the instrument alignment change with respect to the optical bench axes and the
laser’s own shot to shot fluctuation, will be determined using the SRS specially designed
for the GLAS PAD (Figure 1.3). As will be seen in Chapter 6, the SRS requires the
optical bench attitude for the determination of the laser pointing vector. In the process,
the accuracy of the estimated attitude directly affects the quality of the laser pointing
determination. Table 1.1 shows the simplified error budget of the SRS [47] when all of the
error sources in the system are taken into account. Our simulation results, based on the
algorithm introduced in this document, showed a strong effect of the attitude uncertainty
on the overall laser pointing error. To meet the laser pointing knowledge requirement of
1.5 arcsecond (lo), the optical bench attitude must be determined with an accuracy of
better than one arcsecond.

Due to the essentially fixed position on the celestial sphere, a star is one of the best
external sources to provide a reference for attitude determination. The star sensor, the
attitude sensor which measures relative star positions, currently enables us to determine
the spacecraft attitude with one arcsecond accuracy level. Among several different star
sensors, the Charge Coupled Device (CCD) equipped star tracker has been the most recent
development to provide multiple star images in a single measurement frame. The GLAS

Table 1.1: Error Budget of the Stellar Reference System

Error Sources (RSS) lo error
total Laser Reference System errors 0.72 arcsecond
total unmeasured errors 0.45 arcsecond
total attitude determination system Errors 0.85 arcsecond
| TOTAL SRS RSS ERRORS 1.20 arcsecond
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Figure 1.3: Stellar Reference System on the GLAS

attitude system includes a Raytheon Optical System Inc.(ROSI) HD-1003 star tracker as
the primary attitude sensor in order to achieve the required one arcsecond (or better)
accuracy. Additionally, the Hemispherical Resonator Gyros (HRG) will provide continu-
ously measured angular rates associated with spacecraft attitude changes. The measured
angular rates support the attitude propagation between star tracker measurements and
the attitude prediction when no stars are available. The star tracker and gyros will be
mounted on a rigid optical bench of the GLAS instrument; thus, this tracker is referred to
as the optical bench star tracker or the instrument star tracker.

Two Ball CT-602 star trackers, products of Ball Aerospace, will be mounted on the space-
craft structure to support real time attitude determination and control. In the nominal
600 km altitude orbit, the GLAS Attitude Control System (ACS) must continually change
the spacecraft orientation with respect to the CRF to maintain a near-nadir laser pointing
direction. Thus, magnetic torquers and momentum wheels must change the orientation
by 223 arcsec/sec with respect to the stars, which define inertial directions. The real time
attitude knowledge requirement of the ICESAT is 20 arcseconds (1o) or better. The Ball
CT-602 star trackers’ data are intended to be used in the PAD with the optical bench star
tracker or as a backup unit to the optical bench star tracker. The study in this document
will only utilize the optical bench star tracker.



1.3 Outline of Document

The main purpose of this document is to describe the algorithm that has been developed
for the GLAS precision attitude and pointing determination, while the title of the docu-
ment, PAD, only expresses attitude determination. The overview of the process for the
optical bench attitude determination is illustrated in Figure 1.4 and briefly described here
based on the figure. At the first step, raw data received from the orbiting GLAS should be
converted to data written in engineering units. After the conversion, the stars observed by
the star tracker need to be identified from a star catalog using a priori attitude knowledge,
in order to determine the star coordinates in a CRF defined by the star catalog. Stellar
aberrations due to the spacecraft velocity with respect to the barycenter of the solar sys-
tem should be corrected before we actually use the identified star coordinates in attitude
determination algorithms. Modified Fast Optimal Attitude Method (MFOAM) and Quar-
ternion Estimator (QUEST) are deterministic approaches for the attitude determination
using vector measurements. Attitude parameters determined by these methods can be
used for quality check of the star tracker measurement data. These coarsely determined
attitude parameters are combined together with gyro data in the Extended Kalman Filter
(EKF), in order to estimate the optical bench attitude with the required accuracy.

The next four chapters are related to the attitude data processing shown in Figure 1.4
except the fact that the conversion of the raw data to engineering units will not be covered
in this document. In Chapter 2, fundamental coordinate systems, basic attitude equations
and well-known attitude problems are introduced. The primary attitude sensors for the
GLAS are the optical bench star tracker and gyro, which are reviewed in Chapter 3. The
simulation algorithms for star tracker and gyro data are also described in Chapter 3. As
a part of the attitude determination system, the star catalog is described in Section 3.3.
The star identification algorithm and simulation results are discussed in Chapter 4. In
Chapter 5, several deterministic and statistical methods for attitude determination are
introduced. The simulation results from various methods are presented in Chapter 5. In
Chapter 6, the implementation of the SRS for the laser pointing determination is dis-
cussed and some simulation results are presented. Systematic errors which are imbedded
in the GLAS PAD system, but intentionally ignored in the previous chapters, will be
fully discussed in Section 6.3.1. Chapter 7 will address problems related to the actual im-
plementation of the attitude/pointing determination system in the GLAS. Quaternions,
the preferred set of attitude parameters are reviewed in Appendix A as an extension of
Chapter 2.
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Chapter 2

FUNDAMENTALS OF
ATTITUDE DETERMINATION

2.1 Coordinate Systems

It is presumed that all of the following coordinate systems have a common origin in the
spacecraft except for the Terrestrial Reference Frame. The relevant coordinate systems
are :

e Optical Bench Coordinate Frame (OBF)

The OBF is a coordinate frame fixed in the optical bench and is used to define
the optical bench attitude. The origin of the OBF is an instrument reference point
located at the optical bench. The orientation of each instrument attached to the
optical bench will usually be described in terms of the OBF. The OBF z-axis is
nominally coincident with the optical bench star tracker boresight direction, which
is zenith pointing. The other two axes complete the proper orthogonal system. The
adopted OBF for the GLAS is illustrated in Fig 1.3. To maximize the solar arrays’
power generation, the ICESAT will be operated in two nominal attitude modes
[29]. The velocity direction of the ICESAT will change between the OBF +z-axis
and the +y-axis, controlled by yaw maneuvers. Througout this document, zpopr
axis is perpendicular to the orbital plane (upward) and yopr completes the proper
orthogonal system. Since the definition of the OBF used here is not the same as the
definition of the planned OBF in Fig 1.3, the appropriate coordinate transformation
should be applied before actually using the developed algorithm. The angle rotations
about the (z,y, z)-axes of the OBF are frequently named yaw, roll, and pitch angles,
respectively. The term, spacecraft attitude, will actually mean the optical bench
attitude for the GLAS instrument in this document.

e Celestial Reference Frame (CRF)
The CRF is a non-rotating coordinate frame defined by appropriate celestial objects.
Ultimately, it is the inertial reference system which all the other coordinate systems
are referred to. The simplified description of the CRF can be : the X axis is to
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the vernal equinox direction of a specified date, and Y axis is in the equator and
the 7 axis completes the proper orthogonal system. The CRF will be realized by
the International Celestial Reference Frame (ICRF) maintained by the International
Earth Rotation Service (IERS).

e Star Tracker Coordinate Frame (SCF)

The SCF is the coordinate frame fixed to the star tracker mounted on the GLAS
optical bench. The direction perpendicular to the star tracker field of view (FOV)
at the center of it is called the boresight direction (BD). While the narrow FOV
star tracker such as the HD-1003 can give precise knowledge for the direction of the
BD vector, it gives relatively poor information about the rotation of the BD vector.
For the precise determination of the laser altimeter pointing direction, therefore, the
BD of the optical bench star tracker will be aiming at the zenith direction, which
is the opposite direction that laser altimeter will be pointing. For our description,
the zgop is aligned to the BD, the zgcp is toward the orbit normal (downward,
being equal to the nominal —zppr), and the yscr completes the proper orthogonal
system (the nominal yopr). The orientation of the SCF with respect to the OBF
will change slowly due to the local deformation of the optical bench and the internal
error of the star tracker itself. The alignment of the SCF in terms of the OBF
is assumed to be fized for the attitude determination process in Chapter 5. The
alignment variations and the corresponding calibrations will be discussed along with
the SRS in Chapter 6.

e Gyro Coordinate Frame (GCF)

The definition of the GCF is similar to that of the SCF in the sense that the ori-
entation is defined with respect to the OBF. The GCF may be defined by the axes
of three orthogonal gyros (usually including a redundant one) in a package, which
is often called the Inertial Reference Unit (IRU). In this document, we simplify the
GLAS attitude system by assuming the GCF to be coincident with the OBF. The
GCF and the OBF may not coincide in the real GLAS attitude system, however, the
results from this document will not be affected by the change of the GCF orientation
with respect to the OBF, as long as both GCF and OBF are orthogonal coordinate
systems.

e Terrestrial Reference Frame (TRF)
The TRF is an Earth-fixed coordinate frame whose origin is coincident with the
center of mass of the Earth. Ultimately, the laser spot location on the Earth’s
surface will be described in the International Terrestrial Reference Frame (ITRF).

2.2 Quaternion Representation

The attitude of the three axis stabilized spacecraft is most conveniently thought of as a
rotation matrix which transforms a set of reference axes in inertial space to the axes in
the spacecraft OBF. The rotation matrix is an orthonormal matrix and is also called a
direction cosine matriz or an attitude matriz.

11
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Figure 2.1: Coordinate frames

Three Euler angles may be used to represent the orientation of a rigid body since the
rotational motion of the rigid body has three degrees of freedom. There are twelve possible
sets of Euler angles by the sequence of axes to be rotated. The 3-1-3 Euler angles, which
rotate the body about the third axis first, the first axis next and the third axis last in newly
defined coordinate axes obtained by sequential rotations, have been particularly popular
for attitude determination and control. These Euler angles are shown in Figure 2.1 where
the coordinate frames are illustrated. Although the Euler angles are visually helpful to
understand the rotational motion of a spacecraft, there is a disadvantage in the Euler
angles which is known as a singularity or gimbal lock [11]. The 3-1-3 Euler angles are
singular when the second Euler angle is 0° or 180°, because of ambiguous determination
of the other two Fuler angles. The singularity occurs in any sequence of Euler angles and
makes FEuler angles only infrequently the best choice in attitude determination and control
application.

In most modern attitude determination and control, four element quaternions, also called
Euler parameters, are predominantly used. Their wide use has been the result of the
following advantages :

e No geometric singularities

12



e Rigorous satisfaction of a set of linear differential equations.

e No requirement for the evaluation of trigonometric functions

The lack of trigonometric functions in the computation of quaternions is clearly an ad-
vantage in time-critical real time operations. Extensive use of trigonometric function in
Euler angles will significantly increase the computation time, especially with modest per-
formance computers such as those used in on-board applications. The quaternions are
defined based on Euler’s rotation theorem [11] :

The most general displacement of a rigid body with one point fized is equivalent
to a single rotation about some axis through that point.

For some axis, é, and a single rotation angle, Af, the quaternions are defined by

YAV
@ = emsm(T)
YAV
@ = eysm(T)
YAV
qg3 = ezsm(T) (2.1)
AO
g = COS(T)

where e;, e, and e, are components of rotation axes in terms of the OBF before the
rotation. Since there are only three degrees of freedom for the rotational motion, the
following constraint exists in the quaternion representation :

G+a+a+a=1 (2.2)

The single constraint to be observed is a minor disadvantage associated with the four
quaternions. The detailed properties of quaternions and relevant equations are summarized
in Appendix A.

The quaternion errors dq are frequently represented by another quaternion rotation, which
must be composed with the estimated quaternions ¢ in order to obtain the true quaternions

Gtrue A8
Qtrue = 5q ® q, (23)

where the quaternion composition, ®, is defined in Equation A.9. A benefit of this error
representation can be seen by applying the small angle approximations to Equation 2.1 :

0
dq1 = ?:z;
0
0ge = Ey
0
(5(]3 = Ez (2.4)
5Q4 = ]-7



where 6, 0,, and 6, were defined in the previous section as yaw, roll, and pitch angles,
respectively. Only the vector components of quaternions (see Equation A.1) correspond to
angle errors and the scalar component becomes insignificant to the first order. By applying
inverse quaternions (Equation A.2) to Equation 2.3, the error quaternions are expressed
as

5q = Qtrue @ Q_l- (25)

Even though the Euler angles are not convenient for numerical computations, their geo-
metrical significance in illustrating the rotational motion is more apparent than quater-
nions. Therefore, they are often used for computer input/output and for analysis. In this
research, simulated attitude data were created by Euler angles and, then, converted to
the quaternions using Equation A.13. Euler angles can be recalculated from estimated
quaternions by Equation A.14.

2.3 Kinematic Equations of Spacecraft Attitude

If the quaternion composition (Equation A.9) is performed successively in time, the time
evolution of quaternions during the time interval At is given by

q(t + At) = q(At) @ q(t). (2.6)

Let w;, wy and w, be the components of angular velocity vector (&) at time ¢, |w| be
the magnitude of the angular velocity, and Af be a rotation angle during At. From the
definition of quaternions, we can derive

ot + oty = [0y W%w» (2.7)

where Q(®) is

0 W, —Wwy Wg
—Ww, 0 Wy Wy
Wy —Wwg 0 w,
—wy —wy —w, 0

(2.8)

This equation predicts the attitude at the future time based on the knowledge of the
current attitude if the axis of rotation is invariant over the time interval At. If the average
or instantaneous angular velocity of a spacecraft is known during At, the rotation angle is

Af = |w|At (2.9)

about the rotation axis. Assuming At is small enough, the small angle approximations

Af A1
COS 7 ~ 1, Sin7 ~ EWAt (210)

14



lead to the attitude differential equation

(1) = 520l (2.11)

from Equation 2.7. Equation 2.11 is the fundamental kinematic equation for the attitude
determination and can be rearranged in a different order such that [6]

g4 —93 92 @ 0
d 1 q3 q4 —q1 G2 W ' (2.12)
dt 2|1 @2 @ @ g3 wy

—q1 —q2 —q3 Qg4 Wz

Conversely,
we = 2(q4q1 + q3d2 — 243 — q144)
wy = 2(—q3q1 + qad2 + q143 — G2qa) (2.13)
w, = 2(g2q1 — 9142 + 9443 — q3Ga)-

For reference, the 3-1-3 Euler angle representation for angular velocity is

wy = 1 sing sinf+ 0 cos ¢
wy = ¥ cos¢ sinf — 0 sing (2.14)
w, = 1/) cos f + qﬁ,

where 1,0 and ¢ are three Euler angles in the sequential order.

2.4 Dynamical Equations of Spacecraft Attitude

The rotational motion of a body about its center of mass is

dh =
&7 2.15
0 : (2.15)

where T is an applied torque and h is an angular momentum vector. With h described in
the spacecraft body-fixed axes, it follows that

—

hopr + @ X hopr =T, (2.16)

where @ is again an angular velocity vector. Expanding the above equation gives the
general Euler equations of attitude :

Hm +wyh, —why, = T,
hy +wohy —weh, = T, (2.17)
fiz +wphy —wyh, = T,

where hg, hy, h, are the angular momentum components along the OBF, and T, Ty, T,

are the body referenced external torque components. For the solution of these equations,
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the external torque of T must be modeled as a function of time as well as a function of
the position and attitude of the spacecraft. The dominant sources of attitude disturbance
torques are the Earth’s gravitational and magnetic fields, solar radiation pressure, and
aerodynamic drag [52].

In many spacecraft, gyros are grouped as an IRU. When the gyros are used to measure
the angular velocity of the spacecraft, the numerical or analytical expression for external
torques is not necessary. Angular velocities measured by gyros are substituted directly into
the kinematic equation (Equation 2.11) for attitude prediction. Such gyro measurements
actually include the effect of all torques acting on the spacecraft. Force model errors in
this situation will exist only to the extent that the measurements from a gyro unit contain
errors. Since the HRG will measure the angular rate of the ICESAT, the Euler equations
are not required for the attitude determination. The attitude determination in the event
of gyro failure will be discussed in Chapter 5.

2.5 Attitude Determination Problem

The minimum required knowledge for three-axis attitude determination is the direction
vectors to two celestial objects which are represented in the OBF (or the Spacecraft Body-
Fixed Coordinate Frame generally) and are also known in the reference frame, such as the
CRF. Since the stars are measured in the SCF, the unit vectors in the OBF are determined
using the rotation matrix between two coordinate systems. Denote the two unit vector
measurements by Wl and Wg in the OBF and Vl and Vz in the CRF. To obtain Vl and
Va, the measured stars in the SCF must be identified in a given star catalog with the
star identification algorithms developed in Chapter 4. A simple attitude determination
problem is given as :

Find an attitude matriz A, to satisfy
Wy = AV, Wy = AVs, (2.18)
where the measured vectors and the catalog vectors require
Wi Wo =V Vs (2.19)

within the measurement and the catalog error bound.

A simple algorithm to find the attitude matrix from any two vector measurements is
called TRIAD [39] or an algebraic method [52]. The method has been applied for at
least three decades and was employed in several missions, usually for coarse attitude
determination. Whereas it is relatively easy to evaluate the TRIAD attitude matrix, it has
many disadvantages. The most serious disadvantage might occur when more than three
unit vectors are observed simultaneously, which is a common case in CCD star tracker
measurements. (In Section 4.1, three observation vectors are the minimum number for
utilizing a pattern matching algorithm.)

16



To take advantage of multiple unit vectors simultaneously obtained by a CCD star tracker
(or the combination of multiple sensors), a least squares attitude problem was suggested
in the early 1960’s by Wahba [51]. The well-known Wahba Problem is :

Find the proper orthogonal matriz A that minimizes the loss function, J(A),

I~ - -
J(4) =5 > ai|W; — AV, (2.20)
i=1

where the unit vectors V; are representations in a reference frame of the di-
rections to some observed objects, the W; are the unit vector representations
of corresponding observations in the spacecraft body frame, the a; are positive
weights, and n is the number of observations

The Wahba Problem is basically a weighted least squares problem for the attitude matrix,
A. It is also known to be equivalent to a maximum likelihood estimation problem for a
simple, but realistic probabilistic model for vector measurements [36]. For error-free ob-
servations (and also error-free catalog positions), the true attitude matrix Ay e will drive
the loss function, J(A), to be zero. In a practical situation, the A must be found that min-
imizes J(A). The solutions of the Wahba Problem, which are deterministic approaches to
the computation of the attitude matrix (or quaternions) will be introduced in Chapter 5.

17



Chapter 3

MEASUREMENT SYSTEM

Many spacecraft use gyro units to continuously measure their angular velocities. Tradi-
tional mechanical gyros react to the motion of the host spacecraft based on the principle of
conservation of angular momentum. Non-mechanical gyros have been constructed on phys-
ical phenomena such as general relativity or the inertial vibration property of a standing
vibration wave on a hemispherical